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The optical absorption spectrum of PbTe quantum wells is revisited. A series of PhTg#afre multiple
guantum well(MQW) samples withx between 0.05 and 0.07 was grown by molecular-beam epitaxy on
(111)Bak substrates. The PbTe well width was varied from 2.3 to 20.6 nm, while the barrier was kept thicker
than 44.2 nm. The transmission spectra were measured at varying temp&a06 K and the energy of the
different optical transitions between quantized electron and hole states was obtained from the corresponding
absorption steps. Several transitions, from both longitudinal and oblique valleys, are clearly observed. Contrary
to what is commonly believed, an overall agreemést, for different transitions, temperatures, and PbTe well
widths) is found between the experimental results and the electric-dipole optical transition energies calculated
analytically, within the envelope function approximation and the perfect square well model. The effects of the
strain inside the thin PbTe layers on the optical transition energies are included in the calculations and studied
as a function of well width and temperature. The amount of tensile strain was measured with high-resolution
x-ray diffraction at room temperature. From the fit to the experiment, we evaluate the PbTe deformation
potentials. At low temperatures, a blueshift is observed in the energy of the longitudinal transitions of the
narrow wells, which is attributed to the mismatch in the thermal expansion coefficient between the MQW
structure and the BgFsubstrate.
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I. INTRODUCTION modeling®® with long numerical calculations, was used in
both studies. In this paper, the optical spectra of the PbTe
With the addition of a few percent of Eu, the energy gapQW'’s is readdressed. For this purpose, a series of
of the ternary Pp ,EuTe is considerably increased with PbTe/Ph_,Eu,Te multiple quantum wel(MQW) samples
respect to that of the pure PbTe, while its rocksalt structure@vas grown by molecular-beam epitaxy on (111)Badb-
remains the same, except for a slight increase in the latticstrates. Compared to the series of samples used in the previ-
constant. These properties make, PfEu, Te a suitable and  ous studie$;’ the present series spans a larger range of PbTe
important barrier material to use, for instance, in the study ofvell width (from 2.3 to 20.6 nrh and presents higher Eu
quantum confinement effects istrained PbTe quantum concentrations (0.05x<0.07) and therefore higher poten-
wells (QW’s). These structures are of interest in the physicsial barriers and stronger quantum confinement. The trans-
of new semiconductor devices for both their spectral rangenission spectra were measured at several temperatures be-
and the peculiar electronic properties of the 1V-VI semicon-tween 5 and 300 K and the subband to subband transition
ductor compounds. The large confinement obtained witlenergies were obtained from the corresponding absorption
such high barriers has already contributed to the improvesteps. Several transitions, involving both longitudinal and
ment of PbTe QW infrared laset$. oblique valleys, were clearly observed. Contrary to what is
More recently, the properties of different PbTe quantumcommonly believed, an overall good agreement is found be-
structures have attracted much attention. It is worth mentiontween the experimental results and the electric-dipole optical
ing, for example, the studies of quantum dot superlattices transition energies calculated analytically within the
conductance quantization in small constrictibnand en-  envelope-function approximation and the perfect square well
hanced thermoelectric power [111] PbTe QW’'Ss> Com-  model.
pared to the more studied IllI-V or 1I-VI semiconductor  The good agreement is only obtained when considering
QW'’s, the physics of IV-VI QW’s is more complex, for in- carefully the strain effects. We have determined the tensile
stance, due to the difficulties in the infrared optics and to theparallel strain inside the PbTe layer, for all MQW samples,
presence of anisotropic and nonparabolic multiple valleys. with high-resolution x-ray diffraction analysis at room tem-
In particular, the studies of the PbTe QW optical trans-perature. As for the theory, we have extended the envelope-
mission spectrum, which is a direct probe of quantum effunction model proposed in Ref. 10, in order to include the
fects, have been limited to few samples and fixed temperastrain corrections. The comparison between experimental
tures. Ishidaet al® have reported on the optical spectraand theoretical results for different transitions, as a function
measured at room temperature, with a series[10]  of well width and temperature, allowed us not only to testify
PbTe/PRoEwosTe QW's. The spectra of [111]  for the reliability of both theoretical and experimental meth-
PbTe/Ph_Eu,Te QW’s was investigated in detail by Yuan ods, but also to further study the deformation effects.
et al” However, only three samples were used, wih From the best fit to the experiment, we have evaluated the
=0.026, 0.03, and 0.024, respectively, and the transmissioRbTe deformation potentials. Among the controversial val-
measurements were done at 77 and 5 K. Sophisticateges found in the literature, good agreement is obtained with
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TABLE I. Data of the PbTe/Ph ,Eu,Te MQW samples: period
(P), well width (L), parallel strain in the well ), barrier energy

Pb,,Eu, Te barrier x 50 gap at5K Eg), and Eu contentx), determined from the following
empirical expression for the PbEu,Te energy gapEg(x,T)
(442-529 A) —189.7+ 0.4 T(K)2/T(K)+29](1— 7.56) + 448k meV (Ref.
25).
Pb,Eu,Te buffer )
(4 pm) Sample  P(nm) L(nm) €(10°% Ep (meV) X
1st Series
M443 58.2 5.3 2.68 498 0.069
BaF, substrate (111) M440 622 104 2.69 490 0.067
M442 67.6 15.6 2.42 501 0.069
M441 72.1 20.6 1.89 488 0.067
FIG. 1. Schematic diagram of the structure of the 2nd Series
PbT.eIPIQ,.xEuf(Te MQW samples grown by MBE and used here in ;457 51.0 23 232 476 0.064
the investigation of the PbTe QW transmission spectra. M462 50.2 45 220 440 0.056
) . M461 56.2 9.2 1.85 424 0.052
those determined from Iugrrsmescence measurerhefftand 1460 60.0 14.0 187 436 0.055
first-principles calculations? It was also found that, when ;456 62.1 179 201 488 0.067

lowering the temperature, all transition energies decrease al-
most parallel to the PbTe band gap down to near 100 K.

Below _100 K however, the transitions _frqm the Iongitudiqal layers, respectively. The QW growth was repeated 50 times
valley in the narrow wells reach a minimum and start in-y5 ensyre sufficient infrared optical absorptitmsitu reflec-
creasing. This can be explained with the buildup of further;qy, high-energy electron diffractiofRHEED) at 12 keV
tensile strain in the thin PbTe layers, due to the differenc§yss used to monitor the growth process. RHEED intensity
between the thermal expansion coefficients of the MQWqgillations were observed at low temperatures for both PbTe
structure and the BaFsubstraté’ _ and Ph_,Eu,Te growth. Except during the nucleation and

The rest of this paper is divided into the following sec- -y5jescence of the PhEuTe buffer layer, the RHEED
tions: Sec. Il, with the details of the molecul_ar-b_eam epitaxypa»[tern showed elongated spots lying on a semicircle, char-
(MBE) growth and structural characterization of the yoieristic of an atomically flat surface. Despite the lattice
PbTe/Ph_,EuTe MQW samples; Sec. lll, where we de- mnismatch between Rb,Eu Te and PbTe layers+0.28%),
scribe the measurement and the analysis of the optical trang;e RHEED pattern remained unchanged until the end of the
mission spectra; Sec. IV, which presents the theoreticaérowth.
model, mcludln_g the strain corre_ct|0ns; Sec. V where we™ Two series of samples were produced with slightly differ-
compare and discuss the theoretical and experimental results growth conditions. The growth rate, which is determined
for the optical transition energies, as a function of well Widthmainly by the PbTe effusion cell temperature, was the main
and temperature, and Sec. VI, with the summary of the maigjitterence(0.22 nm/s for the first series and 0.38 nm/s for the
results and conclusions. second. The other growth parameters were kept constant in
order to assure sample reproducibility. As a consequence, the
average Eu content, which was measured opticédlye
Table ) was found to be a little bit smaller in the 2nd series.

The PbTe/Ph ,EuTe MQW samples were grown on The difference, however, is in the order of the variatiorxin
freshly cleaved (111)BaFsubstrates in a RIBER 32P MBE among the samples inside the series. When discussing the
system equipped with PbTe, Eu, and Te effusion ¢&lisn results for the transitions between the lower energy states,
ion gauge, calibrated with a quartz crystal oscillator, meawhich are less sensitive to the barrier height, the two series
sured the beam flux rates from the effusion cells. The ratican in fact be considered as a single uniform series of high-
between the Eu and PbTe beam fluxes was used to obtain tlygality PbTe/Pb_,EuTe MQW samples with 0.05x
nominal Eu content. For optimal growth conditions, the Te<0.07 and varying PbTe well width.
flux was two times the one of Eu. The period(well width plus barrier width and the strain

A schematic diagram of the MQW samples is shown ininside the PbTe layers, for each sample, were determined by
Fig. 1. Before growing the MQW structure proper, a thick high-resolution x-ray diffraction. We have used a Philips
(~4 um) Pb, _,Eu,Te buffer layer(with the samec value as  X'Pert diffractometer in the triple axis configuration, i.e., a
in the barriers was grown on top of the BgFsubstrate, in  four-crystal Ge(220 monochromator in the primary beam
order to accommodate completely the 4.5% lattice mismatchand a Ge(220) channel-cut analyzer immediately before the
The growth temperature, for both the buffer and the MQW'’s,detector. Figure 2 shows, as an example, &i2® scan of
was 300°C. The PbTe and Te effusion cell shutters alwaythe (222 Bragg diffraction peak for a narronL=2.3 nm
stayed open during the growth process. Opening and closingnd a relatively widel{=17.9 nm well samples. Note that
the Eu shutter controlled the thickness of the barrier and welthe spectra exhibit a very well-resolved satellite peak struc-

Il. SAMPLES
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FIG. 2. w/20 scan of the222) Bragg diffraction peak for two FIG. 3. Infrared optical transmission spectra measured at 5 K,

PbTe/Ph_,EuTe MQW samples with different well width. The ~ for two PbTe/Ph_,EuTe MQW samples, with well width. =5.3
solid lines are the calculated spectra that best fit the experiment&nd 15.6 nm. The solid lines are the results of the simulation, and
data(open circles The spectra exhibit up to the tenth-order satel- the circles correspond to the measured data. The arrows indicate the
lite peak with full width at half maximum of approximately 25 arc Main optical transitions&z;, Ef;, and E3,), obtained from the
sec, indicating the good structural quality of the grown samples. best-fit procedure, together with the PbTe welEg} and
Phby_Eu,Te barrier €5) band gaps.
ture showing up to the tenth order. The Baftibstrate peak
is used as a reference for tlescale. The peak correspond- the tensile parallel strain in the wellable I, 4th columhis
ing to the PbEy_,Te, buffer layer in general overlaps with found to decrease for increasing well width, due to the in-
the zero-order peak of the MQW structure, and is resolve@reasing strain relaxatior.
only in the case of wide well samples. The full width at half
maximum of the zero-order peak was always approximately
25 arc sec in the/20 direction and three times larger in the
w direction, attesting to the good structural quality of the The transmission spectra were measured at temperatures
samples. All satellite peaks exhibited approximately thevarying from 5 to 300 K, in a Fourier transform infrared
same width as for the zero-order peak, indicating that sharppectrophotometgiPerkin EImer FTIR 1600with a resolu-
interfaces were obtained throughout the MQW structure. Théion of 4 cm * (~0.5 me\) between 800 and 4500 c¢m
reciprocal space mapping of ti224) asymmetrical reflec- (approximately from 100 to 560 meVA variable tempera-
tion indicated that the MQW structure tended to the freeture He cryostatJanis supertran-VjPequipped with ZnSe
standing conditiod® With this information, the calculated windows was fitted to the Fourier spectrometer measurement
(222) /20 spectrum(solid line in Fig. 3 was fitted to the = chamber. The MQW samples were mounted together with a
measured data, using the in-plane lattice constafitq(2"¢) bare Bak reference substrate in a vertically movable Cu
as the main fitting parameter. The tensile parallel strain insample holder, with two identical circular holes, inside the
side the PbTe well,g=(a'" Pla"e—a"T9/aPTe where cryostat. To avoid extra mechanical strain during cooling
aTe s the unstrained lattice constant of PbTe, was therdown, small clamps, instead of grease or glue, were used to
determined with high accuracy, for each sample at roonhold the samples. The temperature of the sample holder im-
temperature. Details about the structural characterization amdersed in a continuous He gas flux was controlled within
strain determination in these MQW samples were published-0.1 K, using a Lakeshore 330 auto-tuning controller.
elsewheré’ Typical normalized transmission spectra measured at 5 K
The main parameters of our samples are listed in Table lare shown in Fig. 3. They correspond to the spectra obtained
They are the perio®, the well widthL, the parallel strain in  for the samples with.=5.3 and 15.6 nm, in the upper and
the PbTe wellej, which were all determined as explained lower panel, respectively. The oscillations are FabryePe
above, and the Eu contertwhich was determined from the interference fringes caused by the finite thickness of the
optically measured Rh,Eu,Te energy gap. The average Eu whole structurethe buffer layer plus the MQW stagkThe
content obtainedi.e., 0.068-0.001 for the first and 0.059 sharp steplike changes in the transmission intensity are due
+0.006 for the second serjeare only approximately 15% to the optical absorption corresponding to the interband tran-
higher than those obtained from the x-ray analysis. Beforeitions between the electron and hole confined states in the
discussing the optical measurements, it is important to notebTe QW’s. The energies of the main absorbing transitions
that, despite the fluctuation in Eu content among the samplegye indicated. The subscript numbers refer to the subband

Ill. OPTICAL TRANSMISSION MEASUREMENTS
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indices in the conduction and valence bands and the super-
script indicates whether the electron and hole states involved < 500F
derive from the longitudinalL) or from the oblique(O) 2
valley (see below. For energies higher than the respective e
b o 400

Pb _xEuTe energy gapK,), the samples become opaque. =)
In the rest of this section, we explain how we have deter- 2
mined these transition energies as a function of temperature c 300}
and PbTe well width. 2

First, it is important to recall that the translation symmetry &
along the[111] growth direction is broken in PbTe QW'’s, = 200p . . , ,
lifting the fourfold valley degeneracy of the bulk material. 0 5 0 15 20
The longitudinal valley(along the growth directionis split well width (nm)

from the other three equivalent ones, which are called ob- ) . )
lique valleys. Therefore, the optical spectra of these QW’s V\';'G' 4'5 Optical tr?ns't'_on e?ergllcles .f(;’rh PbTIe.gllgﬁngTeh
exhibit transitions with different energies, involving different QW's (at 5 K), as a function of well width, calculated in the

. N | envelope-function approximation and the perfect square QW model.
valleys. Since the longitudinal valley has larger elecy The solid(dashed lines correspond to the energy of the longitudi-

hole) effective mass along the growth direction, the IOWeStnal (oblique transitions in an increasing order of subband indices.

transition energy is usually the first longitudinal transition k .
- . The straight line represents the top of the barrig
(as we call the transitions deriving from such a vall&fFor g P P ol

this same reason, the energy separation between the longitu-

dinal transitions is smaller than that between the obliquéeMPeratures. In Fig. 3, it is plotted with solid lines. As ex-

ones. On the other hand, due to both the threefold degef€cted, with reasonable values of the paramdtendA; ,
eracy and the higher two-dimensional density of free-_the quality o.f the fitting is much more .sensmve. Fo variations
in the energies of the strongly absorbing transitions, as men-

ropagating states along the plagdue, in turn, to the 7S - .
Eea?/igr avgrage in-planegeﬁecti?/e matiee oblique transi- tioned above, than to variations in the energies of the weaker
ansitions. We will concentrate our discussion on the

tions are responsible for stronger light absorption. As can b ) " o o
seen in Fig. 3, the clearest absorption steps correspond, fifrongly absorbing transitions, nametg, Eii, and Bz,
fact, to the first longitudinal transition, which is the absorp-Whose energy positions have been determined with an error
tion edge or threshold, and the strong-absorbing oblique trarl€Ver larger thant5 meV. The weaker transitions, although
sitions. The other features in the intensity modulation, likePl2ying an important role in the simulation of the transmis-

the structure betweeB$, and ES, and the tail at high ener- SIon spectra, cannot have thgir t_ransitions determ.ir]ed with
gies in the wide well spectra, are due to the other weakestch accuracy. One can see in Fig. 4, where specific results
transitions. of the calculationgsee below are plotted, that betweeh?;

In order to determine accurately the energies of the difandE3, (dashed lineslie, in general, three longitudinal tran-
ferent optical transitions, we have simulated the transmissiofitions, and that as the PbTe well width increases, more lev-
spectra using the model calculation introduced by Yuarfls with higher subband indices start to take part in the ab-
et al” The transition energies are the main parameters in thgorption. This is exactly what was found in the fitting
simulation and are determined from the fitting. First, the abProcedure, when trying to reproduce the respective features
sorption coefficientz(w) and the refractive inder(w) of N the spectra mentioned above. We find that to index the
the Ph_,EuTe buffer and barrier layers, are determined bydifferent transitions observed in the transmission spectra of
fitting, separately, the transmission spectrum of a111] PbTe/Ph_,EuTe QW's, especially in the case of
Pb,_,EuTe epitaxial layer with the samevalue as in the Wide wells, the calculated energy diagram can be particularly
MQW structure. The epitaxial layer is treated as a bulkuseful. Next we explain how this diagram can be easily ob-
sample with a three-dimensional density of states. Afterfained.
wards, for the PbTe layers, a strict two-dimensional response
is assumed, where the typical stairlike absorption coefficient,

including a level broadeningj; for the optical transition en- V. THEORY
ergiesk;, can be written as To determine the transition energies, we start from the
simple envelope-function model calculation, with analytical
1\=@ io—E;j\| 1 solutions, recently proposed to describe the optical transi-
O‘(h“’)zz Ao E+arctar€ T, ) 7o’ D tions in lead-salt QW' In that work, however, the strain

effects had not been considered, in view of the poor knowl-
where A; stands for the intensity prefactor, proportional to edge of the strain tensor and of the PbTe deformation poten-
the two-dimensional joint density of states. Finally, the opti-tials. Using the strain, which was measured as a function of
cal transmission through the multilayered structure is calcuwell width as discussed in Sec. Il, we have included the
lated using the transfer matrix obtained with properly matchstrain effects and calculated the electric-dipole optical tran-
ing of the electromagnetic fields at all interfades. sition energies with different PbTe deformation potentials.

The best fit to the experiments was able to reproduce th&his section describes such calculations.

main features of the spectra, for every sample and at all In [111] PbTe epitaxial layers, both quantum size and
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strain effec;ts break thg fo_urfold vallgy dggeneracy of the 5Eg=Dd(26||+q)+Du(85H+q)/9, (6)
bulk material. The longitudinal valley is split from the three

oblique ones. Neglecting valley mixing, the confined statesvhere D4=Dg—D} and D,=D{—D}, are the differences
derived from the two kinds of valleys are calculated indepenbetween conduction and valence-band deformation poten-
dently and the electric-dipole transition energies are given byials, and €, €,) are the components of the strain tensor
defined with respect to the principle axes of the band ex-
trema(i.e., €, [[111], ¢[[110], or[112]). Using the elastic
constants at 300 K quoted in Ref. 14, we hawe=
where, for exampleg,, stands for the nth quantized elec- —1.09%. The only parameters in the calculation of the strain
tron energy from the longitudinal valleyy,, for the nth  effects are therg and ©,,Dg). As shown in Sec. I, the
quantized hole energy from the oblique valley, and so onfoom temperature; increases with decreasing well width. In
Note that these quantized energies are always positive arftist approximation, and in order to obtain transition energies
measured from the respective band edge. In the case of syrontinuously varying witiL., we have used in the calculation
metric square QW's, they are the solutions of the followingthe following linear fite;=(2.63-0.038.[nm])10"° to the
equations, obtained from a standard plane wave matchinglata in Table I.

Enn=E§+eb,+ehn, i=L(Longitudinal) or O(Oblique),

using the Ben Daniel-Duke like boundary conditidfis: With Ey substituted everywhere bigy+ 6Ey(i=L,0)
the electric-dipole optical transition energies, given in Eq.
X _ itar( %) 3) (2), between quantized electron and hole confined states, are
m, m, 2 finally obtained from the graphical solution of the E@3)

and (4) for each value of the well width.. The empirical
parameters used by the model ﬁ&(T), Eg(T), and the
¥ q qL PbTe effective masses, andm, at a given temperaturgéor
c [(7) (4)  both electron and holgsThe Eg(T) used in this work is
given in the caption of Table I. For the PbTe temperature-
for the even and odd states, respectively, wheigthe well ~ dependent energy gap, we used the following expression
width, g= *+\/(2m,,/%%)e and y= = J(2my /7% (V—¢) are obtained from the best fit to the transmission spectra
the wave vectors in the wellv) and in the barrierlf), re- of a thick PbTe/Bak reference sample, measured with the
spectively. V=Q(E¢—EY), for electrons, and (Q)(E;  same appzaratus described in Sec. IEg(T)=190.5
—EY), for holes, is the barrier height, whe@is the band- ~ +0-45T(K)“/[T(K)+ 23] meV. N
offset parameter. Note that in view of the high PbTe dielec- In Fig. 4, as an example, we have plotted the transition
tric constant, we neglect the very small band bending. ~ energy diagranti.e., all optical transition energies as a func-
As already mentioned, the PbTe effective mass along théon of the well width obtained for PbTe/RhyFEuy o7 Te
growth directionm,, depends on the kind of valley. It i, ~ QW’s at 5 K. A band offseQ=0.5 was used’ The solid
or 9mm,/(8m,;+m,) whether the valley is longitudinal or and dashed lines correspond to transitions involving longitu-
oblique. Within the two-bandk-p Dimmock model® we  dinal and oblique valleys, respectively. The qualitative fea-
havem,=m; (&) = (ﬁ2/2P,2(t))(s+ E‘g), whereP, isthe  tures of this diagram have aIreat_jy been discgssed in Sec. lll.
longitudinal (transversp momentum interband matrix ele- Next, we compare our theory with the experimental results.
ment. The same is valid for the barrier material effective
massm,, with only Eg in the place ofE‘(’Jv (the momentum V. RESULTS AND DISCUSSIONS
interband matrix elements are assumed the same in the well
and in the barrigr The electron and hole quantized energies,
gen and ey ((i=L,0), are calculated independently using  We start the discussion with the main results summarized
two different sets of effective momentum matrix elementsin Fig. 5. There, the obtained energies of the strongly absorb-
{Pe.P and {P!',PI'}, which in turn are determined by ing transitions E};, EY}, andE},) at room and low tempera-
the bulk band edge effective masseg.e., P|e,'th tures are shown as a function of the PbTe well width for all
=(ﬁ2Eg/2vath Y2 which for PbTe, in units of free electron our MQW samples. The theoretical curves, solid and dashed,
mass and aT=4 K, aremf=0.24, andm®=0.024 for elec- correspond to the analytical solution of the square well
trons andm|h=0.31 andm[‘=0.022 for hole€® The model Model just dgscrlbed, with Eu concen.tratloms 0.05. and
we use is therefore an effective two-bakicp model? 0.07, respgcuvely. The overall agreemérs., for t.he differ-
Let us now consider the strain effects. It is assumed thaf"t tranS|t|9nS, temperatgres, and PbTe .We” W'Wwee”
only the PbTe layers are strainhnd that the strain affects the theoretical and experimental results is surprisingly good.

only the band gap, leaving the momentum matrix element t'e recTarI]I that SOI adjustfablfhpat;ameéer 'S.Sjsed n t?f falﬁu'
constant® The strain correctionE, to Eg depends on the v?elﬁnt;oth ?h?cc):o?\dﬂscﬁonoarnd ?/algncefggd zsdqgg nsliicl\(/eetze
kind of valley and can be written as ges.

QW confined states were obtained with a standard envelope-
SEL=D.(2e/+€.)+D 5 function calculation, Fig. 5 shows that such simple effective
9= Da(2€¢+€)+Dyey ® two-band square well model is, in fact, suitable for describ-
and ing the quantum confinement effects in PbTe QW'’s.

and

mb_ my,

A. Well width
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FIG. 6. Comparison, at room temperature and 150 K, between
the experimental data fdE:; and ES; and the theoretical results
obtained with two different sets of PbTe deformation potentials:

FIG. 5. Strongly absorbing transition energiés;{, EY,, and
ES,) as a function of PbTe well width, obtained from the transmis-
sion spectra of our PbTe/Pb EuTe MQW samples at room and
low te&peratures. The exgje};imintal ertars meF\)/) is within the [Dg=1.14 e\_/ andD, = —0.55 eV(Refs. 8 and 2, represented by
size of the data point. The theoretical curysslid and dashedare the da_shed lines, a'[d_)d:4'3 ev an_dDu: _2.'8 eV(Refs. 1.1 and
calculated with the lowerx=0.05) and upperx=0.07) limit of 12)],.g|ven b.y the solid curves, which pragtlcally agree with those
Eu content of our series of samples. obtained using the potentials calculated in the AP_W fr_amgwork

[D4q=4.57 eV andD,=—2.17 eV (Ref. 13]. The straight line in

The content of Eu determines the barrier height and, fothe bottom of each panel signs the respective PbTe energy gap
this reason, small fluctuations inaffect only the transition (Eg’). The no-strain approximation, dotted lines, is also plotted in
energies close tEg. In fact, in Fig. 5, we see that the results order to compare the quantum size and strain effects.
for E5, andEY, in the wide well regime, depend weakly &n
On the other hand, for example, the difference between th
measured values fdS, in the case of the samples with

gtrain was measured at room temperature with high accuracy
and here we discuss our choice of PbTe deformation poten-
—9.2 and 10.4 nm, which have, respectivety 0.052 and tl?li There is a (iontrfc:versy in the Illfleraturg abofut th(;a values
0.067, is quite large and well described by the theory. ofthese potentials. A er enormous fluctuations found among
Besides the fluctuations in the Eu content, two other maiﬁhe f_|rst valyes dete.rmmed by transport measurements, more
reasons explain the differences seen in Fig. 5 between tH¥€CiSe optical studies lead to values not far from the avail-
theoretical and experimental results: a limit in the applicabil-2P!€ first-principles calculations. We have performed the cal-
ity of the model and the energy shift due to low-temperaturetulation of the optical transition energies using two different
extra strain not included in the calculation. They are con-Sets of deformation potentials. Figure 6 plots the theoretical
nected with the deviations observed at high-transition enertesults, together with the experimental data, at two different
gies and for very narrow wells. One can see in Fig. 5 that, atémperatures, and in the region of applicability of the model.
the transition energies increase, the theory tends more ankhe dashed curves correspond to calculations ugpg
more to give values smaller than the measured ones. This is1.14 eV andD,= —0.55 eV, as the ones assumed in Ref.
due to the fact that the presdatp model for the bulk is less 8, which are similar to values determined by magneto-optical
and less accurate as the wave vedtand energy is in-  investigations in strained PbT& whereas the solid lines
creased, and underestimate the energy difference between there obtained usind4=4.3 eV andD,=—2.8 eVi}!2
real conduction and valence bands. This effect is stronger faghich are mean values obtained from shifts in photolumines-
the |Ongitudinal Va.”ey states, which eXpIainS the discrepancence Spectra of PbTe thin |ayer5 grown on different sub-
cies observed in the narrow well limit for tI‘Eﬁl_transition. strates. These values are very close to the deformation po-
The other problem is the use of the same sttairasured at  tentials calculated by Ferrefrsin an augmented plane-wave
room temperatupein all calculations. The bigger deviations (Apw) framework i.e., D4=4.57 eV andD,= —2.17 e\J.
observed at low temperatures for the narrow well samples, apne results without straine(=0), given by the dotted lines,
discussed in more detail below, indicate the buildup of fur-are also plotted.
ther strain that pushes the measured transition energies fur- e first note that both the strain corrections and the dif-

ther up, away from the theory. ferences between the results with the two different sets of
deformation potentials are of the order of the uncertainty in
the determination of the transition energies. Consequently, a
The strain effects, as discussed in Sec. 1V, depend both gorecise determination ob, and Dy is not possible here.
the strain tensor and on the deformation potentials. Thé&levertheless, the set of PbTe deformation potentials deter-

B. Deformation potentials
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AR AR creasing blueshift, seen only in the longitudinal transition
500F E,, oblique . E

. ° energies, is developed during cooling below around 100 K. It
450"..*"/' competes with the decreasing bulk PbTe energy gap and
400¢ S 3 leads to the minimum observed Ef;, when the PbTe QW

< 3%0p x> ] is thinner than approximately 5 nm.
L 300'/:/‘/‘";2' It is known that the mismatch between the thermal expan-
g 250 M sion coefficient of Bafand PbTe increases considerably at
© 2000 i 3 temperatures below near 150 K. Due to the lower thermal
g 450 expansion coefficient of BaF a tensile strain is built up
2 during the cooldown process. To give a quantitative basis,
§ 400 the total thermal tensile strain would be approximately 1.6
350 X 10" when cooling a thin PbTe layer grown on a BaF
300 substrate from room temperature down to 3%dn the case
L m) of a single PbTe layer thicker than aroung, this thermal
250F v 5 strain is expected to be completely relaxed through the dis-
200 & 5 6 ] locations and defects at the Bafhterface. Although we
0507100 450 200 250 300 have a thick Pp_,Eu,Te buffer layern4 um) in our samples,
temperature (K) our PbTe thin layers are already tensile strained inside the

. . MQW structure by the Ph ,Eu,Te barriers. This extra ther-
FIG. 7. Temperature dependence of the first longitudilialer  ma| tensile strain may be added to the existing lattice strain
pane) and first oblique(upper panel transition energies for four i the PbTe wells inside the structure. This phenomenon ex-
representative samples with different PbTe well witdthor com- plains at least qualitatively the above mentioned low-
parison, the PbTe energy gafi{) is plotted in the lower panel. temperature features in the lower panel of Fig. 7. The fact
The theoretical results correspond to the continuous lines and iy 5t the blueshift is only observed for the longitudinal tran-

clude the correction due to the strain measured at room temperaturgiiinns which are much more sensitive to strain effects. re-

Note the increasing .blueshlft in the longitudinal transition belowinforces the extra strain explanation, and the reduced effect
100 K for samples with. <5 nm.

in the case of wider wells would be due to the respective

. . 1112 13 stronger strain relaxation. In any case, the quantitative de-
mined by Valeikoetal™** and calculated by Ferre scription of this effect is outside the scope of this paper. It

leads to a better agreement between the calculated curvgg,q require, for instance, the determination of the strain at
and our experimental data at 295 and 150 K. We have useg,,, temperatures, which is work in progress.

these values throughout the paper. It is also interesting to
note that the longitudinal transitions suffer a much larger
strain shift when compared to the oblique ones. This result
becomes even more evident at lower temperatures, where the
thermal strain starts to play a role. Summarizing, we have investigated the infrared transmis-
sion spectra of a series of high-quality PbTe/PliEu,Te
MQW samples grown by MBE. The optical transitions be-
tween quantized electron and hole states confined in the

Our temperature-dependent data can be summarized g§Te thin layers were determined from the sharp steplike
done in Fig. 7. In the uppeitower) panel, we have plotted changes in the transmission intensity. The electric-dipole
ED (Efp) as a function of temperature, for samples with fransition energies were calculated by the simple square well
different PbTe well widths. One can see that, in fact, excepiodel, with analytical solutions within the envelope-function
at low temperatures, the theory reproduces well the temperapproximation, including the strain corrections, and an over-
ture dependence of the transition energies, which is deteall good agreement was obtained with the measured data.
mined mainly by the PbTe energy gap temperature depernfhe model was shown to describe well quantitatively these
denceEy(T), plotted in the lower panel. As the transition transition energies as a function of well width and tempera-
energy increase@.e., for narrower wellsthe slope tends to ture, and for all different transitions measured with enough
decrease a little, as an effect of the nonparabolicity. As alaccuracy, nameI)Eh, Efl, and Egz. The strain inside the
ready discussed, the difference between theory and expePbTe QW’s and its effects in the optical spectra were also
ment seen in these high-energy transitions, which is almoshvestigated. We have distinguished the strain energy shift
temperature independent, is due to the limitations of thérom the quantum confinement, and discussed the values of
model. the PbTe deformation potentials. A blueshift in the energy of

More interesting are the low-temperature deviations obthe longitudinal transitions was observed during cooling be-
served for the narrow wells in the lower panel of Fig. 7.low 100 K, and attributed to the mismatch in the thermal
Instead of decreasing monotonically with decreasing temexpansion coefficient between the Basubstrate and the
perature, as in the case of the obligE@, level, theE},  PbTe MQW structure. Future measurements of the strain at
transition, for the samples with=2.3 and 5.3 nm, saturates low temperatures will, however, be necessary before definite
and starts to increase as the temperature is reduced. An inenclusions are made.

VI. CONCLUSIONS

C. Temperature
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Finally, the present results demonstrate our satisfactorgan assist the study of the spin-dependent electron transport
control of the quantum size effect in these narrow-gap semiin different PbTe nanostructures and devices.
conductor QW’s. The analytical description of their elec-
tronic structure given in this paper is completely transparent AU LS SIS

and can be of great help in the study of other properties and This research has been supported in Brazil by FAPESP
other PbTe nanostructures. Lead telluride is, for instance, gProject Nos. 95/6219-4 and 97/0699Bahd CNP(Project
good candidate material for the new magnetoelectronic oNos. 300397/94-1, 301091/95-1, and 300429/97vV8e are
spintronic devices, due to its high-electron mobility andvery grateful to J.R. Senna for the critical reading of the
strong spin-orbit interaction. The present model calculatiormanuscript.
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